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DNA enzymes: New-found chemical reactivity
James K. Bashkin
DNA is generally considered to be chemically rather
inert, but self-cleaving DNA molecules have recently
been isolated from in vitro selection experiments; their
properties advance the idea that, like RNA, DNA can
serve as both a catalyst and an information storage
medium. 
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The discovery of RNA enzymes, known as ribozymes,
showed that nucleic acids are not ‘merely’ informational
molecules, but are also able to catalyze chemical reactions
[1,2]. These remarkable catalysts take part in biological
processes such as the maturation of ribosomal and transfer
RNA. The reactivity of RNA has, however, been
expanded beyond the boundaries of strictly natural
processes, as ribozymes unprecedented in nature have
been developed by chemists and biochemists. More
recently, ribozyme-like activity has been achieved with
DNA sequences, and now a series of self-cleaving DNA
molecules has been reported by Ronald Breaker’s group
[3]. As many recent advances in DNA chemistry have
been driven by discoveries about the ‘RNA world’, it is
helpful first to consider how RNA reactivity has been
modified and optimized.
As a potential catalyst, RNA has apparent deficiencies
compared to proteins. The common amino acids provide a
much wider array of functional groups than the four major
RNA nucleotides, so that proteins seem much more
adaptable than RNA for substrate binding and chemical
catalysis. The inherent versatility of protein enzymes is
shown by their ability to catalyze a much wider range of
chemical processes than known ribozymes. The range of
activities exhibited by natural ribozymes may not,
however, reflect the true catalytic potential of RNA, and
this possibility has driven attempts to develop ribozymes
with new catalytic activities. 
There have been two main approaches to adapting
ribozymes to have new catalytic properties. First, system-
atic chemical changes have been made throughout a
ribozyme sequence, for example by incorporating
modified residues — including DNA and non-nucleoside
groups — in place of the wild-type ribonucleosides [4,5].
Second, powerful in vitro evolution methods have been
developed, involving cycles of selection for a predetermined
activity from a large pool of random sequence variants,
followed by amplification of the active sequences using the
polymerase chain reaction (PCR) [6].
In spite of the fact that DNA is amenable to the selection
and amplification procedures of in vitro evolution, DNA
has lagged far behind RNA in the development of new cat-
alysts. This has not surprised the community at large, as
DNA seems even less suitable for catalysis than RNA. The
disadvantages of DNA include the lack of a 2′-hydroxyl on
its backbone sugar rings; the 2′-hydroxyl of RNA plays a
demonstrably vital role in the folding and activity of
ribozymes. Furthermore, DNA strands often seem nearly
inseparable from their complementary sequences, so that,
under typical biological conditions, DNA is more com-
monly seen in its double-stranded than its single-stranded
form. Compared with the unfettered structural diversity of
single-stranded RNA, double-stranded DNA is relatively
rigid and structurally homogeneous. Evidence is mount-
ing, however, that DNA is not catalytically disadvantaged
after all. Recent papers have described DNA molecules
capable of catalyzing DNA ligation [6], metal-ligation by
porphyrins [7] and DNA self-cleavage [3]. I shall focus on
the last of these three advances.
In order to select DNA molecules capable of self-cleavage,
Carmi et al. [3] first had to choose a suitable cleavage
reaction. DNA is typically cleaved by hydrolysis of the
phosphodiester backbone or by oxidative processes. DNA
is inert to spontaneous hydrolysis at neutral pH, but the
hydrolytic reaction is catalyzed by nucleases. This
enzymatic catalysis of DNA hydrolysis is achieved by a
combination of substrate binding, delivery of a hydroxide
nucleophile, stabilization of the negatively-charged
transition state, protonation of the leaving group, and
release of the reaction products [8,9]. The hydrolysis of
DNA by nucleases is a facile reaction, but only recently
have small molecules been reported that efficiently
hydrolyse DNA [10]. 
The distinction between hydrolytic and oxidative
cleavage reactions is an important one, especially for in
vivo applications and for the development of synthetic
nucleases. Hydrolysis, which employs water as a chemical
reagent, is inherently non-toxic and highly selective, but
is difficult to achieve without the aid of nuclease
enzymes. In contrast, oxidative strand scission depends on
highly reactive free radicals, or their metal-bound equiva-
lents, and may cleave proteins and lipids as well as nucleic
acids. The oxidative cleavage reagents Fe(EDTA)2– and
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Cu(o-phenanthroline)2+ have been so useful in defining
protein binding sites on nucleic acids — proteins leave an
identifiable ‘footprint’ by protecting their binding sites
from chemical cleavage — partly because they exhibit
little inherent sequence specificity in their cleavage
patterns. The Fe(II) and Cu(I) reagents can, however, be
made selective or specific by conjugating them to pro-
teins or nucleic acids. Highly specific oxidative cleavage
of DNA is also achieved with the natural product
bleomycin.
Oxidative DNA-strand scission is achieved by abstraction
of a hydrogen atom from the deoxyribose portion of DNA,
often in reactions catalyzed by iron or copper. The oxida-
tive reaction may proceed as follows: a sacrificial reducing
agent such as ascorbate or a thiol reduces Cu2+ to Cu+;
Cu+ catalyzes the scission of hydrogen peroxide to give a
hydroxide anion and a hydroxyl radical; and the hydroxyl
radical abstracts a hydrogen from DNA, leading to strand
scission. Alternatively, a high-energy Cu(III)-oxo species
may abstract a hydrogen atom, as suggested by Sigman
and colleagues [11] (Fig. 1). Perhaps because of the great
range of possible substrates, Carmi et al. [3] chose an
oxidative cleavage reaction for selection of self-cleaving
DNAs. Their oxidative reaction employed a Cu2+ ion and
the sacrificial reductant ascorbate; the reaction was
incorporated into a cycle of selection and amplification, as
illustrated in Figure 2. 
Carmi et al. [3] started with a pool of 5′-biotinylated DNA
molecules, in which a 50-nucleotide random sequence
was flanked by fixed sequences complementary to the
primers used for PCR amplification. This pool was passed
down a streptavidin column, which the DNA molecules
bound to via the strong biotin–streptavidin interaction.
Weakly-bound DNAs were removed by washing, and
then the cleavage reaction was initiated by adding Cu2+
and ascorbate. For the active molecules, a fragment of the
DNA including the central, variable sequence was
released by self-cleavage, and these fragments were
eluted from the column. 
After the initial selection of self-cleaving DNAs, the fixed
regions were used to amplify active sequences by PCR.
The selection process was designed to favor DNAs that
cleave themselves near their 5′ termini. Carmi et al. [3]
expected to amplify only those cleavage events that
occurred within the 5′ invariant region — they estimated
Figure 1
Oxidative cleavage of DNA by copper
reagents may be initiated when a high-valency
Cu(III)-oxo group abstracts a hydrogen atom
from the deoxyribose ring. The resulting
radical can be further oxidized to a
carbocation, which is attacked by water.
During the course of DNA-strand scission,
one nucleotide is destroyed. The free base (B)
is generated, along with 3′- and 5′-phosphate
termini and oxidized deoxyribose.
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Figure 2
The in vitro selection scheme used by Carmi et al. [3] to obtain self-
cleaving DNAs. (1) A pool of 5′-biotinylated DNAs is immobilized on a
streptavidin column. (2) Cu2+ ions and ascorbate are added to allow
oxidative cleavage; active, self-cleaving molecules release a fragment of
DNA that is eluted from the column. (3) The eluted DNA is amplified by
PCR. (4) The amplified, double-stranded DNAs are immobilized on a
new matrix, so the cycle can begin over again. (5) The pool is prepared
for further analysis by PCR amplification with non-biotinylated primers.
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that cleavage within the first 23 nucleotides of this region
would leave enough of the sequence complementary to
the 5′ PCR primer to permit amplification of the self-
cleaving sequence. Self-cleavage activity was then opti-
mized through in vitro evolution, involving numerous
cycles of re-randomization, selection and amplification.
After eight rounds of selection, the active DNAs were
sequenced, and two different populations of active DNAs
were identified. These populations differed in sequence
content and in the sites of DNA cleavage. The cleavage
that occurred after in vitro evolution was highly specific.
The first population cleaved itself only in the expected
region, within the 5′ invariant sequence. Surprisingly, the
second population cleaved itself in several regions: in the
expected 5′ invariant sequence, and at a variety of distal
sites. Although the selection procedure disfavored cleav-
age at distant sites, the overall rate of cleavage was
enhanced for this population. 
A second major surprise was that one class of self-cleaving
DNA molecules functions in the absence of added ascor-
bate. These ‘class II’ species are presumably able to scav-
enge electrons from an aerobic, aqueous medium
containing only buffer, Cu2+ and DNA. Added hydrogen
peroxide activates the class II DNAs. Catalase, which
decomposes hydrogen peroxide to oxygen and water,
inhibits DNA self-cleavage, so the authors conclude that
free H2O2 is a necessary intermediate in the self-cleavage
reactions. Cu2+ and the as-yet unidentified reductant may
reduce O2 to peroxide, and then reductively split the per-
oxide to generate a hydroxide ion and a hydroxyl radical.
Hydrogen peroxide may promote the reaction because, as
it is a ‘pre-reduced’ form of dioxygen, in its presence
fewer equivalents of the unknown reducing agent are
required.
A recent report from Henle et al. [12] may be pertinent to
the ascorbate-independent DNA self-cleavage reactions.
These authors found that, in the presence of DNA and
peroxide, Fe3+ is reduced by DNA radicals. In the work of
Carmi et al. [3], free hydroxyl groups at the ends of the
DNA may have been oxidized to aldehydes, thereby
reducing Cu2+ to Cu+. Alternatively, in vitro selection may
have generated readily-oxidizable DNA structures in
which the bases serve as sacrificial reductants. Alcohol or
DNA-base reductants may initiate the reduction of O2 and
start the DNA-cleavage process.
The continued development of DNA-based catalysts can
only aid our understanding of nucleic acid chemistry and
catalytic mechanisms. Both traditional chemical synthesis
[5] and in vitro evolution have generated reactive DNA
molecules. DNA enzymes may provide new reagents for
molecular biology. There is also hope that these reagents
will allow new approaches to gene-specific chemotherapy.
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